Plasmodium falciparum is a causative agent of one of the most devastating disease, cerebral malaria. Absence of suitable vaccine and the emergence of multi drug resistant parasites hinder prevention of malaria disease worldwide. One of the most reliable approaches to control this disease is to develop antimalarial against drug targets which are specific for ubiquitous and necessary enzymes such as helicases. Helicases work in ATP dependent manner and help in unwinding of nucleic acids during replication, transcription and repair mechanism. In this study, in silico analysis and homology modeling method were used to characterize the physicochemical properties and 3D structure of PfBrr2 helicase. Suitable structure of different domains was validated using in silico tools and used for docking studies to understand proteinligand interactions. Protein-protein interaction network of PfBrr2 was investigated to understand its function inside the parasite.
reports of parasite's resistance against Artemisinin in Southeast Asia further threaten the recent gains in malaria control and prevention (Duru et al, 2016 and Mishra et al, 2015) .
Due to increasing resistance to modern day drug therapies, there is an urgent need to develop new antimalarials and to identify new drug targets which can combat with severity of disease (White, 1998) . Various proteins essential for survival of the parasite such as helicases and protein translocation machinery (Sec 63) component of Plasmodium falciparum need to be explored as suitable antimalarial drug targets .
Helicases are universal enzymes present in bacteria, virus and eukaryotes including malaria parasite, Plasmodium (Tuteja and Pradhan, 2006) . These principally acts on double stranded substrate which is designated as DNA-DNA, DNA-RNA, RNA-RNA depending on composition and catalyze the unwinding of substrate by utilising the energy which is provided by the intrinsic nucleic-acid dependent ATPase activity (Umate et al, 2011) . Many cellular processes are driven by DNA helicases such as DNA replication, repair, recombination and transcription while RNA helicases play vital role in transcription, translation and RNA splicing (Tuteja 2003 and Cruz et al, 1999) . Nine short conserved amino acid sequences called as helicase motifs are designated as Q, I, Ia, Ib, II, III, IV, V and VI in protein sequences of different species (Pradhan et al., 2007) . Helicases are classified into six super families SF1 to SF6 based on their different signature motifs and these motifs are signature for "core domains" that form tandem RecA-like folds (Chauhan et al, 2017) . Core domains include two universal features which include conserved residues involved in binding and hydrolysis of the NTP equivalent to the Walker A and B boxes of many ATPases; and an "Arginine finger" that plays a key role in energy coupling. Helicases are also classified as type A or B based on 3'-5' or 5'-3' translocation polarity. SF1, SF2 and SF6 contains both type and B helicases while SF3 are type A helicases and all members of SF4 and SF5 are type B (Chauhan et al, 2017) .
In this study, we report in silico structural characterization of PF3D7_0422500, a homolog of pre-mRNA splicing helicase Brr2 where Brr stands for "Bad Response to Refrigeration". Tuteja in 2011 reported PfBrr2 as a homologue of ScBrr2p which has 32% sequence identity (Tuteja, 2011) . However, PfBrr2 differs from ScBrr2p because it contains only one detectable helicase like domain while two domains are present in ScBrr2p (Tuteja, 2011) . Recently, Zhang M et al used piggy Bac transposon insertional mutagenesis and quantitative insertion site sequencing to reach saturation level mutagenesis of parasite which leads into the identification of PfBrr2 as an essential gene for survival of parasite (Zhang et al, 2018) . In silico approaches have been used to model the three-dimensional structure of different domains of PfBrr2. Validated structure was used for docking analysis with ATP and interactions were analysed using LigPLOT+. Protein-protein interaction network study was used to understand its function in parasite biology.
Materials and Methods amino acid sequence
Protein sequence of PF3D7_0422500 (PfBrr2) was retrieved from PlasmoDb (Bhal et al, 2003) for in silico analysis.
Physicochemical characterization
Parameters like isoelectric point, extinction coefficient, aliphatic index, instability index and GRAVY were computed using ExPASy's ProtParam web server (Gasteiger et al, 2005) . domain organization Domain organization of protein sequence was analyzed by using Pfam (Bateman et al, 2004) , InterPro (Apweiler et al, 2001 ) and motif analysis using PROSITE (Sigrist et al, 2009 (Waterhouse et al, 2018) using corresponding templates. Predicted threedimensional models were validated using ERRAT (Colovos and Yeates, 1993) and RAMPAGE (Lovell et al, 2003) for structural and stereochemical quality. Interactive visualization and analysis of molecular structures were done using PyMOL (Delano, 2016) . 
Molecular docking
The docking analysis was carried out using the Patchdock v. beta 1.3 (Schneidman et al, 2005) . SDF file of ATP was retrieved from Protein data bank (PDB) and converted to PDB file in UCSF chimera (Pettersen et al, 2004) . The PDB files of PfBrr2 and ATP were uploaded in the Patchdock web-server with clustering RMSD value 1.5 and protein-small ligand type were selected as parameter for docking. Docked complex were visualized using Pymol and Ligplot+ (Wallace et al, 1995) was used to plot the interactions between protein and ATP.
Protein-protein interaction network
STRING-DB version 10.5 (Szklarczyk et al, 2014) webserver was used for protein interaction network analysis of PfBrr2. Additionally, interacting partners from yeast two hybrid data from Plasmodb were also used for network analysis.
results and discussion

Physicochemical characterization
Primary structure of protein determines the three-dimensional structure of a protein. In the present study, ExPASy's Protparam tool was (Fig 1) . The DEAD box is a subgroup of family SF2 and this family contains a conserved motif (Asp-Glu-Ala-Asp), DEAH box and Ski2-like domains. Partial genes of this family have been reported in P. falciparum and P. cynomolgi. All DEAD box proteins share ATP and nucleic acid binding sites, but these proteins have unrelated functions (Cordin et al, 2006) . DEAD box helicase plays important role in ribosome biogenesis and acts in regulation of small ribosomal and nucleolar RNA's (Cordin et al, 2006) . In yeast there are various DEAD box proteins which play important role in RNA splicing includes Prp2p, Prp5p, Prp16p, Prp28p, Prp43p and Brr2. Plasmodium falciparum also harbors homology of these helicases except Prp22p. These helicases perform different functions such as Prp5 and Prp28p function early in spliceosome assembly whereas Brr2p functions are needed both during assembly and disassembly of spliceosome (Singh et al, 2012) .
Sec63 domains are predicted by Pfam, and Interpro in PfBrr2 from 1379 to 1706 and 2503 to 2869 residues (Fig 1) . Sec63 domain (also known as Brl domain) is present in proteins involved in endoplasmic reticulum translocons, pre-mRNA splicing helicase BRR2, HFM1 protein and putative helicases . Brl domain which exhibits homology to yeast U5 RNA helicase is required for the formation of SEC complex (Tormy et al, 2006) . Furthermore, Brl domain acts as protein binding domain within Sec63p during complex assembly. Thus, it can be speculated that, as in spliceosome, it might also help in structural remodeling events within translocon during this complex reaction process (Tormy et al, 2006) . ATP binding site is predicted to be present within the DEAD/DEAH box helicase from residue 738-747 while from 850-853 residues Magnesium binding site were predicted. A helicase conserved C-terminal domain from 1023 to 1181 residues is predicted using Pfam, Interpro and PROSITE (Fig  1) .
three-dimensional modelling and validation
Three-dimensional structure of protein helps in prediction of the function of protein and also in rationale structure-based drug designing. Templates for homology modeling were selected using Blastp result against PDB database based on (Table 2) . For each domain different templates were selected which include S. cerevisiae spliceosomal helicase BRR2 (PDB ID: 5M5P) for DEAD/DEAH box helicase, crystal structure of Chaetomium thermophilum Brr2 helicase core (PDB ID: 5M59) for helicase C terminal domain, U5 small nuclear ribonucleoprotein 200 kDa helicase (PDB ID: 5URJ) for Sec63 Brl I domain and Brr2 Helicase Region S1087L (PDB ID: 4F92) for Sec63 Brl II domain. Template sequence were aligned with the sequence of the respective domains of PfBrr2 (Fig 2) . Four structures were predicted by SWISS-MODEL (Fig 3) and these were evaluated using ERRAT and RAMPAGE (Fig  4 and Fig 5) . The score of best structure of DEAD box helicase was 93.6% and 85.9 for Rampage and ERRAT respectively. In case of Helicase C terminal conserved region 95.5% residues fall under favourable region in Rampage and good quality factor, ERRAT was found to be 86. 25 Structural analysis shows that DEAD/ DEAH box helicase domain of PfBrr2 comprises of six alpha helices and four beta sheets connected by loops. Predicted ATP binding site are formed by beta sheets while few residues fall both in loops and alpha helix. Helicase C terminal domain consists of six alpha helices and five beta sheets. C-terminal of PfBrr2 contains two Sec63 Brl domains and each consists of various alpha helices and beta sheets. Story and Steitz (1992) reported crystal structures of SF1 and SF2 helicases which contain two covalently linked globular domains having five beta strands surrounded by five alpha helices (Story and Steitz, 1992) . In our study predicted structures of different domains of PfBrr2 consists of similar domain containing five alpha sheets and five beta strands. However, in our study we are not able to predict the structure of full length protein due to lack of suitable templates, but the predicted structure of each domain contains same number of alpha helices and beta sheets. This showed that modeled structure is suitable for further structural analysis. analysis of atP binding site ATP binding sites were predicted using conserved domain database (CDD) and PROSITE. Binding of ATP is a crucial step in the function of helicases as ATP binding is required for strand separation. Docking studies were used to understand the binding of ATP with threedimensional structure of PfBrr2. ATP was present in the docked complex of Patchdock at a similar as site predicted using CDD database. Residues involved in binding with ATP are Methionine-734, Isoleucine-736, Proline-741, Threonine-742, Glycine-743 and Lysine-746 as per Ligplot analysis of complex structure (Fig 6A & B) . Distance between different interacting atoms of ATP and interacting residues were measured using PyMOL (Fig 7) . O3 atom of ATP interacts with carbonyl oxygen of methionine while its O1 atom interacts with carbonyl oxygen of phenylalanine. O7 atom interacts with N of glycine while O10 and O11 interacts with nitrogen of lysine. ATP is observed to be completely embedded in the pocket of protein structure (Fig 8) .
Potential interacting partners
In silico analysis for interacting partners of PfBrr2 was done using STRING-DB and yeast two hybrid data from Plasmodb. STRING-DB results show that PfBrr2 interacts with various proteins which play important role in RNA splicing and maturation (Fig 9A & B) . During gene expression, genes are expressed as precursor mRNA (pre-mRNA) and are converted to mRNA by splicing. During splicing non-coding sequences of introns are removed while coding sequences of exons are ligated. Nuclear pre-mRNA splicing is catalyzed by spliceosome, a multi-megadalton ribonucleoprotein (RNP). Each spliceosome is composed of five snRNAs named U1, U2, U4, U5, U6 and range of associated protein factors. Result from STRING database reveals that PfBrr2 interacts with various proteins homolog present in the spliceosome complex including RNA helicases (Pf10_0294 and PF08_0042), pre-mRNA splicing factor (PFD0265w and PFL0970w) and components of spliceosome U5 and U2 (PF11_0108, PFC037c and PF10_0041) (Fig 9C & Table 4 ). In case of yeast and humans, many proteins such as Prp11, Prp9, Prp5, Prp16, Prp17, Prp21 interact with U2 snRNP's to form complex and this complex helps in pre-mRNA splicing (Ruby et al, 1993 and Zhou and Reed, 1998) . Additionally, yeast two-hybrid data from Plasmodb reveals that three more proteins of Pf interact with PfBrr2 and these includes adenosyl homocysteinase, metallohydrolase/ oxidoreductase and ABC transporter of family1 (Table 5 ). Adenosyl homocysteinase is competitive inhibitor of S-adenosyl-L-methionine dependent methyl transferase hence plays key role in regulation of intracellular concentration of adenosyl homocysteine while metallohydrolase plays role in redox reactions (Turner et al, 2000 and Hai, 2016) . ABC transporter are transmembrane proteins, and these helps in transport of ligands across biological membranes (Linton, 2007) . Protein-protein interaction study reveals the role of PfBrr2 in RNA splicing and its presence as one of the components of spliceosome which may be formed by various interacting proteins.
conclusion
Helicases are vital class of enzymatic tools which are necessary for various nucleic acids metabolic pathways. These are also considered as "screw driver" of cellular machinery and study of these molecules would help to understand the malaria parasite biology. Additionally, Zang et al in 2018 reported PfBrr2 as one of the essential proteins for survival of malaria parasite inside host cell. In silico domain analysis reveals three domains in PfBrr2 protein including DEAD box helicase, helicase conserved C terminal domain and Sec63 Brl domain I and II. Three-dimensional predicted structure of DEAD box helicase domain contains six alpha helices and four beta sheets, helicase conserved C terminal domain consists of six alpha helices and five beta sheets while Sec63 Brl domain I harbor nine alpha helices and seven beta sheets whereas ten alpha helices and seven beta sheets are present in Sec Brl domain II. Docking studies were used to study the residues and interactions involved in the binding pocket of ATP. Protein-protein interaction analysis reveals that it is present in spliceosomal complex and plays an important role in splicing and maturation of premRNA. Three-dimensional structure of this protein can be explored for development of antimalarials. 
